of harmaline on excitability of crayfish giant axon in relation to effects on Na,K-ATPase activity were investigated and the findings were compared with relative data on ouabain. Exposure of the axon to harmaline in doses over 0.5 mM resulted in a dose-dependent reduction of the action potential. Harmaline of 2.5 mM produced a complete blockade of the action potential with a slight decrease in the resting membrane potential (5.7 mV), but no alterations of Na,K-ATPase activity. In contrast, ouabain (5 mM) produced a more pronounced decrease in the resting membrane potential (10.6 mV) and also a partial reduction in the action potential, while a significant decrease in Na,K-ATPase activity was obtained. Increasing the membrane potential to the initial level resulted in a partial recovery (46%) of the rising rate (dV/dt) of action potential . The dV/dt was exponentially decreased when the resting potential was reduced with application of KCl solution over 8 mV. These results suggest that harmaline externally applied produces a decrease in sodium conductance without affecting Na,K-ATPase activity, while ouabain inhibits Na ,KATPase activity and, to lesser extent, decreases in sodium conductance .
Harmaline has a variety of effects both in in vitro and in vivo experiments. Rojas et al. (1) have demonstrated that the drug reversibly suppresses the action potential of the squid giant axon without affecting the resting membrane potential. The ability of harmaline to abolish inhibitory synaptic transmission has been investigated in the stretch receptor of the crayfish (2). The drug produced a dual action in the rat atrial contractile fibers with respect to the dose, that is an initial increase in the amplitude of the action potential and then a decrease with an increment of the dose (3). The inhibition by harmaline of Na,K-ATPase activity has been reported in the case of the squid axon and rat brain (4).
However, there is still a paucity of information concerning the mode of action of harmaline on the membrane excitability.
In the present study, we investigated quantitatively the effects of harmaline on the excitability of the crayfish giant axon in relation to the effect on Na,K-ATPase activity and compared the findings with relative data on ouabain, a competitive inhibitor of Na,K-ATPase.
MATERIALS AND METHODS
Electrophysiological study: The circum oesophageal giant axon of crayfish, Pro cambarus clarkii, was desheathed and mounted in a chamber (about 5 ml in volume) into which physiological solution was con tinuously perfused at the rate of 5 ml/min. The axon, with a diameter of 50-100 ,e, was impaled with two glass capillary micro electrodes filled with 3 M KCI. One was used to deliver the stimulating current and hyper polarizing current and the other to record the membrane and action potentials. The stimulus, composed of a square wave pulse of 30 msec duration, was applied every 1 .0 sec. Resting membrane potential was continuously recorded on a rectigram (Nihon Kohden, PMP-3302). Action potential and its rising rate (dV/dt) were displayed on an oscilloscope (Nihon Kohden, VC-7) after amplification. The time constant of an RC circuit was 22 ,lsec for electrical differen tiation.
Composition of the physiological solution was as follows in mM: NaCl 250, KCI 5.4, CaCI2 13.5, MgCI2 2.6, NaHCO3 2.3. The solution was bubbled with a mixture of 95% 02 and 5% CO2 for 30 min, and the final pH of the solution with or without the drugs was adjusted to 7.4 by adding either 1 N HCI or 1 N NaOH.
Harmaline hydrochloride (Sigma) and ouabain (Merck) were dissolved in physiological solution and were con tinuously perfused into the bath. Other details of the experiments were as outlined in our previous paper (5).
Biochemical study: One group of 10 desheathed axons (wet weight of 10 axons: approx. 17 mg), after continuous perfusion with physiological solution containing harma line or ouabain for 30 min, in a similar manner to the electrophysiological study, were washed twice for 5 min with ice-cold 0.25 M sucrose containing 10 mM Tris-EDTA and 10 mM Tris-EGTA at pH 7.4, and were homogenized in 1.0 ml of the above mentioned sucrose by a glass homogenizer with a Teflon pestle. Total ATPase activity was assayed at 37'C in a final volume of 2.0 ml containing 100 mM NaCI, 20 mM KCI, 3 mM MgCI2, 3 mM Tris-ATP and 20 mM Tris-HCI (pH 7.4). After a 10-min pre incubation of samples containing 70-100 ,cg proteins, the reaction was started with the addition of ATP, was allowed to continue for 30 min, then terminated by adding 0.2 ml of 100% trichloroacetic acid. The samples were centrifuged at 8,000xg for 10 min. Since harmaline interfered with the analysis, two extractions with 2.5 ml of isobutanol were performed to remove the drug from the aqueous solution, according to the method of Canessa et al. (4). Inorganic phosphate (Pi) in the supernatant fluid was measured by the method of Fiske and Subbarow (6). Mg-ATPase activity was assayed in the absence of Na+ and K+, and Na,K-ATPase activity was calculated as the total ATPase activity minus Mg-ATPase activity. These activities were calculated as ,cmoles Pi/mg protein/hr. The method of Lowry et al. (7) was used to determine the protein concen tration. Statistical significance of the data was determined by Student's t-test.
RESULTS

Electrophysiological study:
The mean resting membrane potential, amplitude of action potential and dV/dt in 45 axons were -84 .9 mV, 101.3 mV and 663 V/sec, respec tively. When 0.25-2.5 mM of harmaline was added to the bath for 30 min, the amplitude and dV/dt of the action potential were dose dependently reduced (Table 1) . Fig. 1 A demonstrates that exposure of the axon to 2.5 mM harmaline resulted in a complete blockade of the action potential generation with a slight depolarization of the resting membrane potential.
The mean depolari zation of the membrane potential was 5.7 mV with a dose of 2.5 mM. When the axon was treated with 2.5 mM harmaline for 30 min and then washed with physiological solution for 60 min, the dV/dt of the action potential was partially restored to 273 V/sec. The action potential threshold remained Table 2 . Effects of ouabain (5.0 mM) on action potential generating mechanism of crayfish giant axon when the resting membrane potential was increased to the initial level
The potency of ouabain on the action potential generation was considerably less than that obtained with harmaline, as shown in Table 1 . A 53% inhibition of the dV/dt was observed 30 min after treatment of the axon with the highest dose of ouabain used (5 mM) concomitantly with a decrease in the resting membrane potential by 10.6 mV. The action potential threshold was not altered with doses up to 5 mM. Figure 1 B demon strates that the application of 5 mM ouabain to the bath for 30 min resulted in a decrease in amplitude and dV/dt of the action potential. At this time, increasing the membrane potential to the initial level by passing a negative current resulted in a partial recovery of the amplitude and dV/dt (compare d with a in Fig. 1 B) . The mean dV/dt of the action potential (n=3) with 5 mM ouabain in 30 min was reduced by 18% and 39% in the presence and absence of hyperpolarizing current, respectively (Table 2) . Vertical bar on each point indicates standard error (n=4). Table 3 .
Effects of harmaline and ouabain on Na,K and Mg-ATPase activities in the crayfish giant axon
The relationship between the resting membrane potential and the dV/dt of action potential was examined by depolarizing the membrane with addition of a small amount of 3 M KCI solution to the bath. Since adding 50 al of KCI solution resulted in a rapid and gradual membrane depolari zation and complete blockade of the action potential within 3-5 min, the resting membrane potential and dV/dt were con tinuously recorded.
The reduction of dV/dt was negligible during the depolarization of the membrane up to 5 mV (Fig. 2) . When the membrane was depolarized more than 8 mV, the dV/dt was exponentially declined and finally reduced to zero with 26 mV depolarization.
Biochemical study: Na,K-ATPase and Mg-ATPase activities were assayed in the axon exposed to harmaline and ouabain under similar conditions to those in the electrophysiological study. Na,K-ATPase activity was significantly (P<0.01) reduced with 5 mM ouabain in 30 min, but remained unaltered with 2.5 mM harmaline (Table 3) . Mg-ATPase activity was not affected with doses of 2.5 mM harmaline and 5 mM ouabain.
DISCUSSION
Harmaline in a dose of 2.5 mM completely blocked the action potential generating mechanism with a slight decrease (less than 6 mV) in the resting membrane potential. Since the decrease in the resting membrane potential up to 6 mV did not affect the action potential as demonstrated in Fig. 2 , the blockade of the action potential produced by harmaline is not due to the decrease in the resting membrane potential. Furthermore, Na,K-ATPase activity remained unaffected with harmaline under similar conditions as in the electrophysiological study. Therefore, a decrease in the resting membrane potential with harmaline is considered to be at least partly due to a decrease in the resting mem brane potassium permeability.
Our findings that harmaline blocked the action potential of the crayfish giant axon parallel those obtained in the case of squid axon (1) and crayfish stretch receptor (2). Unlike the findings in the squid retinal axon and rat brain reported by Canessa et al. (4), our results failed to demonstrate the inhibition by harmaline of Na,K-ATPase activity. In the experiment of Canessa et al. (4), the results were obtained by adding harmaline to homogenates of the preparation. There fore the lack of effects of harmaline on the enzyme activity in our experiment suggests that the drug may not enter the membrane at the site of Na,K-ATPase or not act on the enzyme combined with the membrane in the crayfish axon. In addition, the possibility cannot completely be excluded that harmaline may have been removed from its site and bound with ATPase during 60 min of the determination procedures. Nevertheless, since the action potential remained partially in hibited 60 min after washing the preparation, it is suggested that the blockade of the action potential by harmaline is not related to the ATPase inhibition.
In contrast to the action of harmaline, exposure of the axon to 5 mM ouabain produced a decrease in the action potential concomitant with considerable depolari zation (more than 10 mV) of the resting membrane potential and a reduction of Na,K-ATPase activity. It has been reported that ouabain produces a decrease in Na,K ATPase activity, resting membrane potential and resting membrane resistance in the crayfish giant axon (8, 9) and frog muscle fibers (10).
Lieberman and Nosek (11) concluded that the membrane depolarization in the crayfish axon produced by ouabain was to a great extent due to the inhibition of an electrogenic Na-K transport current, and in part due to an increase in sodium permeability in the resting state, and that a reduction of the resting membrane resistance was due to 
